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• 1. Introduction. This study proposes an approach to design a durable, ultra-lightweight structure using single wall carbon nanotubes in a polymer matrix that possess a unique combination of properties required for long-term performance in aerospace applications. These novel nanocomposites will be designed to provide the following features; ultra-lightweight, chemical stability, high thermal and electrical conductivity, low permeability, hydrolytic oxidation resistance, radiation resistance, atomic oxygen resistance, low solar absorption, high emissivity, low coefficient of thermal expansion, and mechanical durability.
Carbon nanotubes have attracted tremendous attention since their discovery [1] due to their unique electronic and mechanical properties [2] . These superb intrinsic properties are most likely to be expected in SWNT, rather than in MWNT because of its flawless structure and low density (1.33-1.40 g/cm 3 ).
There is a great deal of interest in aerospace and electronics applications involving high temperature polymers (e.g. polyimides), and significant benefits in strength and electrical properties are expected from SWNT reinforcement. SWNTs, however, have been rarely used as reinforcing inclusions in a polymer matrix mainly because of the difficulty in efficient dispersion. This difficulty arises from the non-reactive surface character of SWNT.
Most dispersion studies have been directed toward chemical modification of the SWNT surface. Although many researchers have attempted to functionalize nanotube ends and exterior walls with various routes, the solubility of these derivatized tubes is minimal and inefficient [3] [4] [5] . Recently, in situ polymerization under sonication methods enabled efficient coating of MWNT with a conductive polymer [6] and homogeneous dispersion of SWNT in an aromatic polymer [7] . This method along with a judicious selection of a polymer matrix enabled homogeneously dispersing SWNT into a polymer matrix on a nanometer scale at low loadings (≤ 1.0vol%) [7] .
In this study, a method to develop a nanocomposite containing a well-dispersed SWNT inclusion and characterization results of the resultant nanocomposites are presented.
2. Experimental. Purified laser ablated single wall carbon nanotubes (SWNTs) were purchased from Rice University. These SWNTs were about 1.2-1.6 nm in diameter and 3 µm long. The polymer used as a matrix was a colorless polyimide (CP2) [8] . Diamine and dianhydride used to synthesize CP2 were 1,3-bis(3-aminophenoxy) benzene (APB) and 2,2-bis(3,4-anhydrodicarboxyphenyl) hexafluoropropane (6FDA), respectively. The diamine (APB) was purchased from Mitsui-Toatsu and used as received. The dianhydride (6FDA) was purchased from Imitec and used after sublimation. Asreceived anhydrous dimethyl formamide (DMF, Fisher) was used as a solvent.
A dilute SWNT solution, typically around 0.05wt% in DMF, was prepared by homogenizing for 10 min and sonicating for one and a half hours (47kHz). The pre-dispersed SWNT solution was used as a solvent for the polyamic acid synthesis with the diamine and dianhydride. The entire reaction was carried out with stirring in a nitrogen-purged flask immersed in a 40 kHz ultrasonic bath until the solution viscosity increased and stabilized. At this point, additional stirring was continued for several hours to form a SWNT-Polyamic acid solution without further sonication. Acetic anhydride and pyridine were used as catalysts to chemically imidize the SWNT-Polyamic acid.
A series of SWNT/CP2 nanocomposite films were prepared with SWNT concentrations ranging from 0.01 to 1.0vol%. As a control sample, a nanocomposite film (1.0vol%) was prepared by direct mixing of the pre-dispersed SWNT solution with a pure CP2 polyimide solution by stirring. The SWNT/CP2 solutions prepared were cast and dried in a dry air-flowing chamber. Subsequently, the dried tack-free films were cured at 110, 170, 210, and 250˚C for an hour each in an oven to obtain solvent-free freestanding films. DC conductivity and current-voltage measurements were performed with a Keithley resistivity test fixture Model 8009 interfaced with a Keithley electrometer/high resistance meter Model 6517 according to ASTM D257. AC volume conductivity was measured using a Hewlett Packard precision LCR meter Model 4284, frequency range 20 Hz-1 MHz. The AC conductivity was calculated from the measured admittance modulus Y and phase θ where,
R is the resistance, C is the capacitance and f is the frequency of measurement. The conductivity σ is then expressed as,
σ θ = Y t A cos t and A are the thickness and area of the film, respectively. Optical properties of these films were evaluated by examining transmission at 500nm with Perkin Elmer Lambda 900 UV/Vis/NIR spectrophotometer. Solar absorptivities were measured on an Aztek Model LPSR-300 spectroreflectometer with measurements taken between 0.25 to 2.8 µm with a vapor deposited aluminum on Kapton® film as a reflective reference according to ASTM E903-82. An Aztek Temp 2000A infrared reflectometer was used to measure thermal emissivity. Mechanical properties of the films were evaluated by a dynamic mechanical thermal analyzer (DMA, Rheometric Scientific). Thermal stability was investigated by dynamic thermogravimetric analysis (TGA, Seiko) at a heating rate of 2.5˚C/min in air. Fibers and non-woven mats of the SWNT-Polyimide solutions were prepared by electrospinning using a DC electric field ranging from 150-200 kV/m. JEOL JSM-5600 scanning electron microscope (SEM) was used to examine the electrospun fibers. Films were prepared by in situ polymerization under sonication except *(direct mixing).
Results and Discussion.
SWNT reinforced polyimide nanocomposites were synthesized by in situ polymerization of monomers of interest in the presence of sonication. Scanning probe, transmission electron microscopy revealed that dispersion of SWNT was uniform through the matrix on a nanometer scale although some agglomerates of SWNT bundles remained on a micrometer scale [7, 9] . Most of SWNTs were dispersed as bundles, but their thickness decreased noticeably compared to as-received SWNT bundles. This uniform dispersion of SWNTs provided efficient reinforcing (electrical, mechanical, thermal) effects on the polymer matrix without sacrificing the optical properties significantly. Figure 1(a) shows DC conductivity of SWNT/CP2 nanocomposite films as a function of SWNT concentration. The pure CP2 polyimide exhibited volume conductivity around 6 x 10 -18 S/cm, and incorporation of SWNT in the polyimide increased the conductivity more than 10 orders of magnitude at very low SWNT loading. A sharp increase was observed between 0.02 and 0.1vol%, and then the conductivity increased moderately at loading levels in excess of 0.1vol%. This behavior indicates that a percolation threshold of the nanocomposites resides between 0.02 and 0.1vol%. Percolation theory dictates that above the threshold, a conductive path appears and the material behaves as a conductor. It also dictates a power law relationship between the conductivity of the composite and the variable (v -v c ), where v is the weight ratio of the SWNT and v c is the weight ratio at the threshold. The inset of Figure 1 Some preliminary results on I-V measurements revealed that the SWNT/CP2 nanocomposites exhibited a non-ohmic behavior as the conduction mechanism. It is most likely that a quantum tunneling conduction (electron hopping) occurs as a SWNT loading surpassed the percolation threshold. Figure 1(b) shows AC conductivity of the nanocomposites as a function of SWNT loading and frequency. The AC conductivity results were consistent with the DC results, which show the same trend of conductivity and percolation threshold with respect to increasing SWNT loading. It is noted that at 0.02vol%, the conductivity shows a strong dependence on frequency, where the conductivity increased with increasing frequency. On the other hand, for 0.1vol% and higher, the frequency dependence disappeared. This shows that SWNT/CP2 nanocomposites behaved as a capacitor below the percolation threshold and as a conductor above the threshold. The level of the percolation threshold of this SWNT/CP2 nanocomposite was an order of magnitude lower than that of conventional carbon fiber reinforced polymer composites.
The optical properties were evaluated by monitoring the intensity of transmitted light illuminated at 500nm wavelength through the films (normalized at 34 µm thick) and shown in Table 1 . This frequency was chosen since spacecraft experiences highest solar radiation at this frequency from black bodies. At 0.1vol% SWNT loading, 68% light was able to transmit and 54% light transmission was observed at 0.5vol% SWNT loading. At 1.0vol% SWNT loading, 32% light transmitted through the nanocomposite films synthesized by in situ polymerization under sonicaiton while less than 1% light transmitted through those prepared by the simple direct mixing method. Uniform dispersion of SWNT in the polymer matrix is crucial to achieve high conductivity at low SWNT loadings without significant detraction of the optical transparency. Absorbance of light of a SWNT/CP2 film at 500 nm increased linearly with increasing thickness with the correlation coefficient equal to 0.993, which is another indication of uniform dispersion of SWNT in the polymer matrix. At about 0.1vol% SWNT loading, the nanocomposite films exhibited sufficient conductivity to mitigate electrostatic charges (10 -8 S/cm) with reasonable optical transparency (68%). Solar absorptivity (α) and thermal emissivity (ε) are important criteria for space applications. For many applications, low α , high ε, and low ratio of α/ε are desirable. These measurements of the SWNT/CP2 films are shown in Table 1 . Both α and ε increased with increasing SWNT concentration. Although incorporation of 0.1vol% SWNT in the polymer showed a factor of four increase in solar absorptivity, the value remained low enough for many space applications. The ratio of the solar absorptivity to the thermal emissivity was about 0.46, which is slightly lower than the desirable ratio for next generation space telescope outermost sunshield layer (0.5). Mechanical properties of the SWNT/CP2 nanocomposite films were measured dynamically. Storage modulus of the nanocomposites increased linearly with increasing SWNT concentration and 65% increase was achieved at 1.0 vol% SWNT loading. The loss spectra revealed that broad dissipation peak of the pristine polymer spectrum below T g disappeared with the incorporation of SWNT, which implies that SWNT reinforcement made the composite more elastic. In addition, the tanδ maximum upshifted by 10˚C at 1.0vol% SWNT with reduced loss peak compared to the pristine CP2 polyimide film.
Dynamic thermal stability was assessed with TGA by monitoring temperatures at 5wt% loss. Table  1 shows that the temperature at 5wt% loss increased with increasing SWNT concentration. A 35˚C increase was observed at 0.5wt% SWNT. This improved thermal stability conjunction with increased thermal emissivity indicates that uniformly dispersed SWNT provided its superior thermo-oxidative stability and thermal conductivity throughout the polymer matrix efficiently at very low SWNT loadings.
SWNT/CP2 nanocomposite solution was successfully spun using a DC electric field to form continuous fibers. Figure 2 shows 0.1vol% SWNT/CP2 nanocomposite fibers spun by electrospinning. The diameter of the eletrospun fibers ranged from 500 nm to 2 µm. These fibers can be collected as various forms including non-woven porous mats in a three-dimensional shape and isolated single fibers. The spun fibers are expected to have aligned SWNT or bundles along the fiber direction due to combination of dielectrophoretic forces caused by dielectric or conductivity mismatch between SWNT and the polymer solution and high shear forces induced by the spinning. Electrical, mechanical, and thermal properties of the aligned SWNT reinforced polymer fibers can be tailored by controlling the SWNT loadings for specific space applications.
Conclusions.
Uniformly dispersed SWNT reinforced polyimide nanocomposites were developed for potential space applications. The resultant nanocomposites exhibit a unique combination of properties, including low color in thin films, high optical transparency, electrical conductivity sufficient to mitigate static charge build-up, low solar absorptivity, high thermal emissivity, high stiffness and strength, and high thermal stability. These lightweight nanocomposites are useful in a variety of aerospace applications, primarily because of their combination of electrical conductivity and high optical transmission. Examples of the space applications include thin film membranes on antennas, secondsurface mirrors, thermal optical coatings, and multi-layer thermal insulation (MLI) blanket materials, and low areal density solar sail membranes. These materials can be processed into various material forms such as thin films, fibers, foams, threads, adhesive film, coatings, dry powders, and fiber coated prepreg.
